We report the growth of graphene at a low temperature using the cold wall chemical vapor deposition technique (CWCVD). Few layered (~6-8 layers) graphene were grown on nickel-coated silicon with acetylene as the precursor gas. The advantage of the combination of the acetylene (as a carbon feedstock) and the nickel catalyst was the lowering of the graphene growth temperature. Nickel coated silicon samples were pre-treated (heat treatment in inert atmosphere) before the growth and the effect of the pre-treatment on the catalyst as well as on the grown film was studied. The final samples were characterized with scanning electron microscopy and Raman spectroscopy. In CWCVD route, the heating of only the substrate holder enabled high heating and cooling rates, which, along with the control over partial pressure of the precursor gas had profound effect on the formation of graphene. In the best sample we have achieved almost equal intensity of the G and 2D peaks in Raman spectrum, which implied about ~6-8 layers of Graphene. The defect peak (the D band) was extremely small in the sample and it was attributed to the ripples and the underlying roughness of the nickel film. We analyzed that a proper choice of the thickness of catalyst layer and a higher cooling rate after graphene growth it would be possible to obtain monolayered graphene. Similar samples grown in a normal atmospheric CVD (with some engineered design to promote fast cooling) were also compared with the cold wall CVD grown samples and plasma assisted CWCVD, and cold-wall CVD demonstrated a better control over the quality of graphene film through the fast cooling and a controlled partial pressure of the precursor gas.
Introduction
After its experimental demonstration with the pioneering work of Noveselov et. al., graphene has triggered a renewed interest both among scientists as well as technologists from different research fields [1] . Graphene is a single layer of carbon atoms arranged in two dimensional lattice in hexagonal manner, the graphene happens to be chemically inactive and posses high strength [2] . The existence of several novel properties like its extremely high electronic mobility [3, 4, 5, 6] , ambipolar characteristics [7, 8] , high optical transparency [9, 10, 11, 12] , high surface to volume ratio [13, 14] , mechanical strength [15, 16] , make graphene an exotic material for a wide range of applications.
From the application point of view in electronic industry [3, 4, 5, 6] and in many other structural applications which require composite materials, graphene can be seen as a vital reinforcing component [13] . Tremendous amount of research has been concentrated towards the development of the low cost and feasible synthesis routes for better quality and uniform graphene sheet with monolayer structure.
Monolayered graphene can be synthesized in many ways and the most common routes is are CVD, mechanical exfoliation of highly oriented pyrolytic graphite (HOPG) [1, 17] , graphite oxide reduction [18] , SiC wafers graphitization under ultra-high vacuum [19] . Since the size of the graphene samples obtained from techniques like mechanical exfoliation were are usually very small (tens of microns) for most of the applications or are expensive to grow on large area samples, chemical vapor deposition technique on transition metal catalyst supported on inert silicon substrate gained more attention because of its large area coverage and relatively cheaper cost. [2, [20] [21] [22] [23] [24] [25] [26] [27] , many others like.
Here we report the successful growth of graphene on nickel substrates using cold wall chemical vapor deposition technique under different conditions like temperature, total pressure and varying partial pressure of acetylene, the precursor gas. The use of CWCVD enabled a fast cooling in a simple processing set-up, and hence helped in obtaining the right amount of carbon precipitation necessary for graphene formation. The quality of films was assessed by Raman spectroscopy and the defects were related to the pre-treatment as well as the deposition mechanism.
Experimental details
The growth was carried out in an existing PECVD chamber [without using the plasma source] with its walls cooled by water and fitted with gas lines to introduce the precursor like acetylene and the carrier gas like hydrogen. The tube diameter of 2.5 cm and the length of the tube is 25 cm. The schematic of the gas connections along with the growth chamber is depicted in Figure 1 . The two or more gases were mixed together using gas mixture. The sample holder rests on PBN heater, controlled by external power source. The temperature is measured using K-type thermocouple. Very fast cooling rates were achieved using chiller at 15°C and water circulating copper tubes. 
PBN Heater
Water cooled copper tubes
The substrate was Si/SiO2 wafers (n-type (100)) 10Χ10 mm rectangular piece with a catalyst layer (Ni) deposited by RF sputtering (operating at 200 watt and the deposition time was 13 min.). The thickness of the nickel film on substrate was from ~100-300 nm as measured from optical profilometer. The substrate coated with nickel film is then treated with continuous flow of argon ~100 sccm for 15 min. followed by H2 gas purging at room temperature for 15 min. after this H2 gas is stopped. In the presence of argon gas alone before growth the catalyst layers were annealed from room temperature to ~1000 °C to improve the crystallinity in the nickel film and also to expose fresh Ni surface by reducing any possible nickel oxide. The pre treated samples were used for growth at temperature ranging from 550-750 °C (700 °C, 650 °C, 600 °C), the range of temperatures were used to find out the optimum growth temperature. The substrate heater was a suspended boron nitride heater capable of heating/cooling at a rate more than 100 °C/min. Tip of thermocouple (K-type) is placed on top face of the nickel film. The walls of the reactor chamber were water cooled with DI water circulating through chilling unit maintained at 15 °C and flowing through copper tubes (copper tubes are in close contact to the body of the reactor chamber). The reactor chamber is evacuated down to rough vacuum (10 −3 Torr). H2 gas is flushed under cold conditions for 15 more minutes. At the growth temperature (700 °C, 650 °C and 600 °C) combination of H2 and C2H2 (as a carbon precursor) gases at a total gas pressure of ~0.8 Torr in the flow ratio of 2:1is used. The growth was carried out for different times, two and five min. to study the effect of growth time. After the completion of growth; power source was switched off and simultaneously carbon source was also switched off, drastic quenching with cooling rates above 300 °C /min. were achieved (combined effect of cooling from boron nitride heater and chilling copper coils). Similar experiments were carried out by varying growth parameters (gas flow rates, growth time, cooling rates, Ni catalyst film thickness, etc.) for optimizing the growth parameters. In total we studied six samples (S1, S2, S3, S4, S5 and S6) with different combination of growth parameters (temperature, partial pressure of precursor gases, growth time and cooling rates). Schematic representation of the entire growth process for graphene growth is presented inFigure 2. Table 1 provides the detail of the parameters used during the graphene growth. SEM in secondary electron mode for topographical evidences and Raman characterization for different molecular forms of carbon signatures were carried out with Raman excitation wavelength of 488 nm. An experiment is also performed to see the presence of graphene under scanning electron microscopy using a graphite pencil. Starting material was a graphite pencil, a scotch tape and a Si wafer. Pencil graphite was rubbed against Si wafer and a small piece of scotch tape is then placed over the rubbed area with glue face facing towards the rubbed area, then the scotch tape piece was peeled from the wafer and a new piece (second piece) of scotch tape is now stick to the old piece (with the glue face facing towards each other), these two pieces are again peeled away from each other and again a new piece (third piece) of scotch tape is now pasted with the second piece and again peeled away, this was repeated for 100 times and then the last piece of scotch tape is pasted to the new piece of Si wafer. The Si wafer is then taken to SEM characterization. Table 1 . Details the various growth parameters like growth temperature in degree celcius for graphene, precursor gas flow rate in sccm and growth time in min.
Results and discussions
The scanning electron micrograph of a typical graphene film is shown in Figure 3 for all the samples ranging from S1 to S6 with different growth parameters as described in Table 1 . It might be noted that sample 1 and 2 are parts of the same sample, where, some parts flaked of from the same (sample 1) and it was interesting to see if these parts had the same characteristics. These flakes had most likely formed due to thermal stress developed in the nickel catalyst at certain regions and hence a localized dewetting of the catalyst layer, which was noticed before.
Figure 3 (a) shows SEM micrograph of graphite pencil exfoliated graphene film on Si wafer, this gave us a better insight of the visual observation of graphene layer under SEM. Sample S1 shows a free standing graphite flake as can be seen in the Figure 3 (b) , the morphology was closely examined as can be seen in the Figure 3 (c) . We can see that the surface of the flake has prominent ripples or wavy character. This waviness in the film could result in D band in Raman which could be the due to sp3 character as a result of curvature in graphene film. The next sample in the series, S2, as well shows the ripples in the SEM micrograph as is evident in Figure 3 (d) and also shows D band signal in Raman spectrum in Figure 5 . SEM micrographs of samples S3 (Figure 3 (e) ), S4 (Figure 3 (f) ), S5 (Figure 3 (g) ) S6 (Figure 3 (h) ) also show waviness in the graphene films deposited under different growth parameters, these samples also show a small D band as is seen in Raman spectrum of the corresponding samples in Figure 5 . The very reason for the presence of waviness in the graphene films deposited can arise due to either the relatively small domains (large number of domain boundaries) or the underlying nickel catalyst which was roughened during the pre-treatment and one can also observe the existence of a thin layer above the catalyst.
S 1 S 2 S 3 S 4 S 5 S 6
Annealing Temperature (°C) In order to determine the uniformity in growth of graphene on nickel catalyst on silicon substrate, Raman data was collected at different points of the same sample of as prepared graphene as can be seen in Figure 4 . It can be inferred from Figure 4 that the graphene coverage is quite good except for some regions where a darker contrast (and a suppressed Raman intensity) probably arises due to incomplete graphitization. Further control on growth parameters can result in even better uniformity of the graphene growth. Figure 5 determines comparative study of graphene grown at different parameters using nickel as a catalyst. In Figure 5 Raman plots are shown for the graphene growth at three different temperatures (i) 600 °C (ii) 650 °C (iii) 700 °C. The time for graphene growth is again a critical parameter. Two different growth time were used, (i) 2 min and (ii) 5 min [as representative, to show a detectable change with deposition time] and in one of the samples the flow rate of the precursor gas is also varied. The increased flow rate of the precursor gas enhanced the Raman peaks, which was probably due to a better graphitization without compromising in the ratio of 2D/G intensities. Table 1 .
The ratio between the D band and G band is a good indicator of the quality on bulk samples. Smaller the D band intensity better is the quality of the graphene. If these both bands have similar intensity this indicates a high quantity of structural defects. From SEM image in Figure 3 , we can see ripples like appearance of the top surface. In Figure 5 a low intensity of the disorder-induced D band (~1350 cm -1 ) is observed, the D to G peak intensity ratios, where G denotes the symmetry-allowed graphite band. Some weak D band intensity is observed suggesting the existence of sub-domain boundaries in areas with constant number of graphene layers. D band also appear due to sp3 character, in graphene sp3 character can be due to presence of ripples in its surface. The integrated intensity ratio of the D to G bands for all the 6 samples are shown in Table 1 , the vales are less than 0.5 suggesting that the graphene is less defective and the presence of the defect could be due to ripples. The sharpness of 2D or G´ band is a good measure of the number of graphene layers and its shape indicates orderness in stacking of graphene layers. By our data in Table 1 it can be concluded that we have achieved ~6-8 layers as the ratio of their integrated intensity is coming ~1 and the data in Figure 5 is in good agreement with the literature [2] as seen in the inset Figure 5 .
Summary and conclusions
Successful growth of graphene via CWCVD is reported. Few layered graphene (~6-8 layers) has been obtained on nickel catalyst sputter deposited on silicon wafer.
Heat treatment of Ni catalyst under argon atmosphere gives polycrystallinity to the catalyst layer and thus promotes graphene growth with better quality and uniformity.
The proper control on the growth parameters (partial pressure of precursor gases, growth time, cooling rates) can result in the control over the number of layers of graphene grown. 
